It is well established that exercise elicits a finely tuned adaptive response in skeletal muscle, with contraction frequency, duration, and recovery shaping skeletal muscle plasticity. Given the power of physical activity to regulate metabolic health, numerous research groups have focused on the molecular mechanisms that sense, interpret, and translate this contractile signal into postexercise adaptation. While our current understanding is that contraction-sensitive allosteric factors (e.g., Ca 2ϩ , AMP, NAD ϩ , and acetylCoA) initiate signaling changes, how the muscle translates changes in these factors into the appropriate adaptive response remains poorly understood. During the past decade, systems biology approaches, utilizing "omics" screening techniques, have allowed researchers to define global processes of regulation with incredible sensitivity and specificity. As a result, physiologists are now able to study substrate flux with stable isotope tracers in combination with metabolomic approaches and to coordinate these functional changes with proteomic and transcriptomic analysis. In this review, we highlight lysine acetylation as an important posttranslational modification in skeletal muscle. We discuss the evolution of acetylation research and detail how large proteomic screens in diverse metabolic systems have led to the current hypothesis that acetylation may be a fundamental mechanism to fine-tune metabolic adaptation in skeletal muscle.
POSTTRANSLATIONAL MODIFICATION (PTM) of protein targets is a fundamental mechanism regulating cellular biological function. It is readily accepted that PTM is a pivotal process conveying environmental stresses to physiologically diverse processes such as cell cycle regulation, growth, autophagy, and apoptosis (7, 35, 79) . While a considerable amount of research has focused on the PTM phosphorylation (35) , recent technological advances have meant that it is now possible to study alternate PTMs, such as acetylation, methylation, and ubiquitination, on a global scale.
A role for acetylation in the regulation of gene transcription was first proposed by Allfrey et al. (5) following observations that RNA synthesis rates correlated with the acetylation status of core histone tails (Fig. 1) . Indeed, subsequent analysis revealed that each of the four core histones (H2A, H2B, H3, and H4) within the nucleosome contained multiple lysine residues that undergo reversible acetylation (1, 32, 63, 76) . These modifications also appeared functionally relevant, as an enrichment of acetylated histones was observed in transcribed DNA sequences (62) . Acetylation results in neutralization of lysine residues located in amino-terminal domains of histones (62) . Functionally, this is important, as histone tails protrude from the chromatin polymer and, as such, provide a platform for interacting and regulating proteins that remodel chromatin (33, 62) . Acetylation-mediated change in the charge of histone tails is thought to weaken histone-DNA contact (5) , modulate histone-histone interaction between adjacent nucleosomes (71) , and affect interaction between histones and regulatory proteins (33) . Collectively, these modifications result in altered structure and folding of nucleosomes, which collectively leads to a more open and permissive chromatin environment for transcriptional activation (62) .
Characterization of the Acetylome
In contrast to gene regulation, the concept that reversible acetylation may affect the function of nonhistone substrates is a more recent discovery (45) (Fig. 1) . The widespread nature of protein acetylation became strikingly apparent following the recent characterization of the "acetylome" by Matthias Mann's group (12) . Utilizing acetylation-based immunoprecipitation to enrich acetylated peptides from MV4-11 cells (a human acute myeloid leukemia cell line), followed by high-resolution mass spectrometry (MS), Choudhary et al. identified ϳ1,000 protein acetylation sites. However, this approach also appeared to present some limitations, with coverage apparently affected by a high background level of nonacetylated proteins. To circumvent this issue, Choudhary et al. examined overlapping signatures in two additional human cell lines (A549 and Jurkat cells), further enhanced the sensitivity of analysis by use of isoelectric focusing to separate acetylated peptides, and applied a stable isotope labeling of amino acids in cell culture (SILAC) approach to detect global acetylation changes following incubation with the histone deacetylase (HDAC) inhibitors suberoylanilide hydroxamic acid (SAHA) and MS-275. The net result of this approach was the identification of 3,600 lysine acetylation sites on 1,750 proteins (12) . Interestingly, when Choudhary et al. examined the phylogenetic conservation of lysine-acetylated proteins compared with the proteome, lysineacetylated proteins were significantly more conserved across the evolutionary tree, indicative of additional selective pressure. This level of conservation was comparable to phosphorylation, placing lysine acetylation as a broad and abundant PTM (57) . Further evidence of the breadth of lysine acetylation was provided when acetylated proteins were assigned relative to gene ontology (GO) annotations (Table 1) . A large proportion of acetylated proteins were enriched in mitochondrial and nuclear cellular compartments; in addition, Ͼ300 cytoplasmic proteins, representing ϳ700 acetylation sites, were identified. Thus, acetylation appeared to modulate the protein/enzyme activity of numerous metabolic proteins, in addition to substrate transporters, receptors, and scaffolding proteins. Furthermore, the functional specificity of acetylation was highlighted, as identified acetylation sites were frequently located in regions with ordered secondary structure. When acetylation was compared with phosphorylation, which typically occurs in unstructured regions of proteins, such as hinges and loops (23, 35, 49) , it appeared that not only was acetylation occurring in multisite regions in numerous proteins, but also that acetylation was targeting functionally important regions within these proteins. A final functional observation that warrants attention was that 14-3-3-binding proteins undergo multisite reversible acetylation (12). 14-3-3 proteins are widely expressed and function by binding phosphorylated proteins (phosphoserine and phosphothreonine) to facilitate their interaction with target substrates. To study the functional effect of 14-3-3 acetylation, Choudhary et al. mutated four lysine residues (K50, K69, K118, and K123) that are highly conserved among 14-3-3 proteins. By mutating The acetylome is first characterised in the MV4-11 cell line (12) First establishment of the acetylome in mouse skeletal muscle (78) Characterisation of the acetylome in rat and human skeletal muscle (47) Observation that differential acetylation regulates carbon flux through metabolic pathways (75) Fig. 1 . Timeline of key events leading to characterization of the acetylome in skeletal muscle. DNA replication  52  98  DNA damage and repair  72  167  Chromatin remodeling  26  46  Cell cycle  132  243  RNA transcription  31  71  RNA splicing  109  206  Nuclear hormone signaling  9  22  Nuclear transport  17  41  Cytoskeleton reorganization  50  137  Nucleotide exchange factors  55  92  Endocytosis and vesicular trafficking  39  62  DNA/RNA helicases  46  105  Ubiquitin ligases and deubiquitylases  46  70  Protein kinases  47  71  Acetyltransferases and deacetylases  21  61  Methyltransferases and demethylases  12  34  Transcription factors  29  40  Histones  15  61  Adaptor proteins  14  40  Chaperones  40  127  Ribosomal proteins  75  136 Following gene ontology annotation, acetylated proteins were characterized by function, with mass spectrometry analysis allowing identification of the number of acetylation sites on each target. [From Choudhary et al. (12) .] the lysine residue to glutamine (K-to-Q), they could mimic acetylation, whereas a lysine-to-arginine substitution (K-to-R) prevented acetylation (12) . Then they assessed the functional consequence of lysine mutation on 14-3-3-associated interaction with phosphopeptides. A triple-acetylation (K50 ϩ K118 ϩ K123Q) mutant did not bind phosphopeptides, indicating that acetylation directly affects the capacity of 14-3-3 proteins to interact with phosphorylated proteins (12) . Thus these data demonstrate distinct cross talk between acetylation and phosphorylation and indicate that acetylation, in addition to direct modulation of cellular function, may also regulate phosphorylation signaling events through the 14-3-3 interactome.
Does Differential Acetylation Signatures Translate Into Functional Modifications?
Given the large number and the diverse cellular location of the acetylated proteins identified by Choudhary et al. (12) , subsequent questions arose as to the role and importance of acetylation for regulating cellular function. These questions were subsequently addressed by Wang et al. (75) , who studied acetylation in the prokaryote Salmonella enterica. This model is interesting, as unlike higher organisms, S. enterica contain only one major bacterial acetyltransferase (AT), Pat, and one nicotinamide adenine dinucleotide (NAD ϩ )-dependent deacetylase (DAC), CobB, meaning that dramatic alteration of acetylation status in this model system via targeted disruption of Pat/CobB activity is relatively straightforward (75) . To determine how lysine acetylation globally regulates metabolism, Wang et al. performed SILAC in S. enterica exposed to glucose, thereby directing the model to a glycolysis-dependent metabolic state, or to citrate, which induces oxidative/gluconeogenic metabolic preference. This approach identified 15 enzymes that had increased acetylation in the glucose condition compared with the citrate condition, directly linking carbon availability to altered acetylation (75) . Functionally, this metabolic preference also paralleled growth rate, as glucose induction/acetylation resulted in increased growth, a condition that was mimicked via deletion or inhibition of CobB. To directly test the association between acetylation and metabolic flux, S. enterica were again grown in glucose/citrate conditions; however, carbon flux was directly measured using a [ 13 C]glucose/ citrate tracer followed by gas chromatography (GC)-MS analysis. This approach allowed Wang et al. to calculate carbon flux through glycolysis, gluconeogenesis, the tricarboxylic acid (TCA) cycle, and glyoxylate bypass. Furthermore, deletion mutants of Pat (⌬Pat) and CobB (⌬CobB) then allowed the direct testing of the association between acetylation and metabolic flux. In glucose conditions, a significant elevation in glycolytic/gluconeogenic flux was observed in ⌬CobB compared with wild-type/⌬Pat. In contrast, after citrate induction, the ⌬Pat mutant demonstrated increased glyoxylate/TCA flux compared with wild-type/⌬CobB. Thus, glucose-mediated acetylation (via increased AT activity) resulted in increased glycolysis/gluconeogenesis, whereas citrate-mediated deacetylation (via increased DAC activity) resulted in increased glyoxylate/TCA flux (75) . Finally, Wang et al. examined the direct effect of acetylation on the activity of three rate-limiting enzymes: glyceraldehyde phosphate dehydrogenase (GapA), which is involved in glycolysis/gluconeogenesis, and isocitrate lyase (AceA) and isocitrate dehydrogenase kinase/phosphatase (AceK), which are involved in the distribution of isocitrate into the TCA cycle and glyoxylate pathways when citrate is in abundance. Immunoprecipitation followed by pan-acetyllysine immunoblotting demonstrated that GapA, AceA, and AceK are hyperacetylated in the ⌬CobB strain, concomitant with increased glycolytic flux, whereas differential deacetylation was observed in the ⌬Pat mutant. Further analysis directly demonstrated that metabolic flux profiles showed distinct patterns, depending on the substrate and level of acetylation. When the carbon source was citrate, metabolism bypassed glyoxylate and metabolism shifted to a gluconeogenic-predominant pathway in coordination with increased acetylation. Collectively, this work is fundamentally important, as it was the first direct evidence of the sensitivity of reversible acetylation to cellular substrate status and connected the activity of principal ATs/DACs to metabolic partitioning (75) . Besides the action of enzymes such as Pat and CobB, global acetylation in Escherichia coli can also be regulated by the abundance of metabolites such as acetate, which is a precursor of acetylphosphate (77) . Genetic deletion of the enzymes regulating acetyl-phosphate production (Pta) and removal (AckA) results in lower and higher global acetylation levels, respectively, in growth-arrested cells (77) . Thus, this experimental model represents a condition in which protein acetylation is directly regulated by acetyl-phosphate in an enzyme-independent way, although the relevance of this mechanism in mammalian physiology remains to be determined.
The work from Choudhary et al. (12) and Wang et al. (75) was pioneering, as it utilized global MS analysis of acetylated peptides to characterize global alterations in lysine acetylation. Combining this approach with targeted inhibition (12) or genetic deletion (75) of ATs/DACs allowed the researchers to manipulate the acetylation signature to probe cellular function/ interaction and the consequence of this adaptive response in metabolic regulation. However, as with any study utilizing reductionist approaches, it was still unclear whether acetylation could command such a dramatic level of regulation in higher organisms in which substrate partitioning has a vastly different complexity of regulation.
Zhao et al. (80) provided the first evidence that the aforementioned acetylome dataset (12, 75) may be translatable to higher organisms when they determined protein acetylomic signatures in human liver samples. After acetyl-lysine immunoprecipitation of nuclear, mitochondrial, and cytosolic fractions, tandem liquid chromatography (LC)-tandem MS (LC/ LC-MS/MS) analysis identified 1,300 acetylated peptides, which matched 1,047 distinct human proteins (80) . Interestingly, this approach provided substantially higher coverage than previous studies, which identified 195 acetylated proteins from a mouse liver preparation (40) . Furthermore, only 240 of the proteins identified by Choudhary et al. (12) were identified by Zhao et al., indicating substantial variability between cell lines and intact tissue. It was striking that almost every enzyme involved in glycolysis, gluconeogenesis, the TCA cycle, the urea cycle, fatty acid metabolism, and glycogen metabolism were acetylated (80) , providing direct evidence that acetylation is a prevalent PTM in vivo.
The large proteomic datasets described above have provided an abundance of information relating to the coordinated interplay between acetylation and metabolism. However, translating, interpreting, and understanding this acetylation blueprint in vivo, within highly metabolic tissues such as skeletal muscle, has been more challenging (59) . Initially, this limitation was addressed in part by Yang et al. (78) , who determined the cytoplasmic/mitochondrial acetylome of different mouse tissues, including liver, heart, brain, and skeletal muscle, among others. Using LC-MS/MS, Yang et al. (78) found that acetylation of a subset of 31 proteins involved in energy metabolism was regulated in a tissue-specific manner following fasting/ refeeding, and showed that in insulin-sensitive tissues (e.g., skeletal muscle), acetylation of these proteins is reduced by refeeding, suggesting a possible role in regulation of substrate utilization. Subsequently, Lundby et al. (47) reported a comprehensive characterization of the acetylome in rat and human skeletal muscle. Analysis of a tissue library of rat origin (liver, spleen, pancreas, muscle, skin, thymus, kidney, perirenal fat, brown fat, brain, intestine, heart, lung, stomach, testis fat, and testis) showed that these tissues each contained ϳ1,000 acetylated proteins, a number that seemed to increase in relation to the metabolic capacity of the tissue. To further probe the underlying biology of tissue-specific acetylation signatures, Lundby et al. (47) performed GO and pathway (Reactome) analysis to show that acetylation patterns in skeletal muscle reflected major energy-consuming processes, with significant enrichment of proteins involved in muscle contraction and metabolic function. In fact, a staggering 80% of the proteins comprising the GO/pathway term "striated muscle contraction" were observed to be acetylated, with mitochondria demonstrating the greatest subcellular acetylation "pool" in both rodent and human skeletal muscle, with an average of 5.6 acetylation sites per protein identified (Fig. 2) . Thus, tissue-specific acetylation signatures appear to regulate function-specific processes. By evaluating identified acetylated proteins by their GO annotations, Lundby et al. (47) showed that the majority of acetylated proteins reside in either the cytoplasm or the nucleus, each containing ϳ30% of the acetylome pool. Mitochondria and the plasma membrane contain ϳ15% of acetylated proteins, with the remainder (endoplasmic reticulum, Golgi apparatus, and extracellular space) each harboring ϳ5% (47). Lundby et al. (47) then compared the protein distribution from their acetylome with that previously reported in the phosphoprotein atlas (36, 48) . This analysis revealed that the subcellular distribution of acetylated proteins is markedly different from the distribution of phosphorylated proteins; for example, the abundance of mitochondrial acetylated proteins was threefold higher than that of phosphorylated proteins. In contrast, twice as many proteins in the plasma membrane compartment undergo phosphorylation as acetylation (47) .
Given the extensive coverage observed in their dataset, Lundby et al. (47) were then able to examine whether common lysine acetylation sequence motifs occurred in tissue-or cellspecific compartments. By analyzing the 12 amino acid residues flanking the identified acetylated lysine residue, Lundby et al. (47) demonstrated that cytosolic acetylation favors lysine residues containing glutamate flanking the acetylation site, whereas mitochondrial proteins have a preference for negatively charged residues in the immediate vicinity of the acetylation site, with an additional selectivity for hydrophobic residues (V/I/L/F) two amino acids upstream of the acetylation site (ϩ2 position). The most distinct sequence motif reported was for nuclear proteins, where there was a strong prevalence of glycine residues downstream of the acetylation site, in the Ϫ1 position, and proline residues in the ϩ1 position. Interestingly, Lundby et al. (47) also reported that the sequence pattern of the transcription factor acetylation followed a trend (GAcK-P) similar to that of nuclear proteins. Finally, this nuclear/ transcription factor acetylation sequence pattern differed substantially from that previously reported for histone acetylation (79), indicating that not only was this pattern substrate-specific, but it could also differentiate between protein and chromatin targets in the nucleus (47) .
Lysine Acetylation Is an Intricate Process of Cellular Metabolic Regulation
Given the remarkable observations of these proteomic datasets, it clearly is now pertinent to understand, 1) how lysine acetylation is regulated and controlled at the cellular level and 2) what is the biological relevance of altered lysine acetylation with regard to metabolic health and disease? At any given time, the acetylation status of a protein is reflective of the balance between AT and DAC activity at target lysine residues. Importantly, acetylation status of both nuclear and mitochondrial proteins is also dependent on nonenzymatic factors that depend on fluctuations in metabolic flux and abundance of the acetyl donor acetyl-CoA (29, 72) (Fig. 3) . Interestingly, Sutendra et al. (69) recently found that the pyruvate dehydrogenase complex regulates cell cycle progression via its translocation from the mitochondria to the nucleus, where it promotes acetyl-CoA synthesis and histone acetylation. Hence, protein acetylation and AT/DAC activity is, in turn, reflective of cellular energy status, as ATs utilize acetyl-CoA as a substrate, whereas class III HDACs are NAD ϩ -dependent. Cellular acetyl-CoA and NAD ϩ pools are highly reflective of substrate flux through glucose, lipid, and ketogenic pathways (Fig. 3) . As such, acetylation-deacetylation balance is highly reflective of cellular energy status, or, more precisely, substrate-mediated carbon flux, at any given time (25, 72) . Accordingly, acetyl-CoA appears to promote an anabolic state in which it promotes mitochondrial protein acetylation and, consequently, decreases substrate oxidation, while nuclear acetyl-CoA produced by excessive energy supply or pyruvate dehydrogenase complex translocation to the nucleus seems to promote the expression of genes controlling energy storage and the cell cycle (29, 69, 72) .
HDAC and nonhistone DAC, by definition, are classified as proteins with intrinsic enzymatic activity that are capable of removing acetyl groups from lysine residues. As their name suggests, HDACs were originally identified to perform this function on histone tails to modify chromatin (79) . HDACs are categorized into five classes (I, IIa, IIb, III, and IV), consisting of two subfamilies. The first subfamily, known as the classical family, consists of the HDACs in classes I (HDAC1, 2, 3, and 8), IIa (HDAC4, 5, 7, and 9), IIb (HDAC6 and 10), and IV (HDAC11). The second family, known as the Sir2 family of NAD ϩ -dependent enzymes, comprises class III [In-depth discussion of classical HDAC biology is beyond the scope of this review; for discussion of the regulation and biological roles of HDAC1-11 see recent comprehensive reviews (30, 44, 50) ].
Sirtuins: class III DACs. The class III family of DACs, known as sirtuins (SIRTs), require NAD ϩ to catalyze the removal of an acetyl group from lysine residues, and also function as ADP-ribosyltransferases. Because of their reliance on NAD ϩ for their enzymatic activity, SIRTs are prime sensors of the metabolic state of the cell and have thus received much attention in the past decade (31 conserved NAD ϩ -binding site and catalytic domain, which has been termed the core domain (31) . Phylogenic analyses of these domains have grouped SIRTs into four main classes (56): class I consists of SIRT1-3, class II of SIRT4, class III of SIRT5, and class IV of SIRT6-7 (56) . SIRTs vary in their cellular localization, such that SIRT1 and 6 are predominantly localized to the nucleus, SIRT7 is nucleolar, SIRT3, 4, and 5 are primarily mitochondrial, and SIRT2 is predominantly cytoplasmic (31) . These locations are, however, not strictly defined, and a SIRT's localization will likely depend on cell type, tissue, and environmental condition/stress (31, 41) .
SIRT1. Considerable attention has been directed over the last decade toward elucidation of the role of SIRT proteins in numerous biological functions (24, 26, 31) . Much of this work has utilized conditional SIRT mouse models and targeted deletion/overexpression in a variety of cell lines (31) . In addition, more recent proteomic approaches have begun to explore the global effects of specific SIRT proteins. Chen et al. (11) recently characterized the SIRT1-dependent acetylome by combining SILAC approaches in SIRT1 ϩ/ϩ and SIRT1
Ϫ/Ϫ mouse embryonic fibroblasts with nano-HPLC/LTQ Orbitrap MS. Using this approach, they identified 4,623 nonredundant lysine acetylation sites in 1,800 proteins, with Ͼ94% of these sites conserved among mouse and human (11) . This total eclipsed the 2,455 sites identified by Choudhary et al. (12), who used HDAC inhibitors to manipulate the acetylome, and reflects the strength of the SIRT1 ϩ/ϩ vs. SIRT1 Ϫ/Ϫ approach employed by Chen et al (11) . Utilizing a protein-protein interaction network database (STRING) in combination with the MCODE detection algorithm, Chen et al. (11) identified 87 protein-protein interaction networks, including a ribosomal protein network, a mRNA splicing network, EGF stimulation networks, and a tRNA synthetase network. Hyperacetylation of proteins involved in DNA repair, the cell cycle, Notch signaling, and RNA splicing were overrepresented in SIRT1 Ϫ/Ϫ cells, indicating a direct role for SIRT1 in these processes, whereas knockout of SIRT1 had no effect on ribosome, proteasome, and glycolysis pathways (11) . Performing a sequence motif analysis similar to that of Lundby et al. (47) , Chen et al. (11) identified multiple motifs that are regulated by SIRT1. For example, motifs with a small nonpolar amino acid at the Ϫ1 or Ϫ2 position and a glutamic acid at the ϩ2 position were significantly enriched in SIRT1 Ϫ/Ϫ cells (11). Finally, Chen et al. (11) provided an additional level of complexity in acetylation balance, as SIRT1 was shown to directly affect the activity of numerous AT protein complexes. Identified ATs that are SIRT1 substrates include cAMP response element-binding protein (CREB)-binding protein (CBP), Kat14 (Csrp2bp), Hat1, Kat5 [TAT 60-kDa interactive protein (TIP60)], Kat8 (Myst1), Kat7 (Myst2), Kat6a (Myst3), and Kat6b (Myst4) (11) . When the previously described interaction between SIRT1 and 300-kDa protein (p300) is included (8) , it is clear that, in addition to directly regulating protein acetylation, SIRT1 also indirectly influences global acetylation patterns by altering the biological activity of AT complexes (11) .
SIRT3: a mitochondrial-specific DAC. While SIRT1 has been shown to target cytosolic and nuclear proteins, SIRT3 is classified as a mitochondrial-specific DAC. Therefore, given this cellular specificity, targeted proteomic approaches can allow the detailed examination of cellular organelle regulation.
Evidence of the value of this approach was shown by Sol et al. (67) , who performed SILAC labeling in SIRT3 Ϫ/Ϫ mouse embryonic fibroblasts (MEFs). Sol et al. (67) identified ϳ900 acetylation sites across a number of key metabolic pathways. Hyperacetylation of specific proteins involved in long-chain lipid oxidation (very long-chain and long-chain acyl-CoA dehydrogenase), the TCA cycle (succinate dehydrogenase), and glycolysis/TCA cycle (pyruvate dehydrogenase) were observed in SIRT3 Ϫ/Ϫ MEFs, indicating direct regulation by SIRT3 (67) . Deacetylation and activation of SIRT3 target proteins within mouse liver mitochondria have also been reported in response to the metabolic stress induced by acute fasting/refeeding and obesity (ob/ob mice), which seems to correlate with higher oxidative metabolism (68) . In contrast, although genetic deletion of SIRT3 in conditional skeletal muscle or liver knockout mice increases mitochondrial protein acetylation, it does not affect tissue-specific mitochondrial function or whole body metabolism in animals fed chow or a high-fat diet (20) . These data suggest that skeletal muscle and/or liver SIRT3 are not the main modulators of whole body metabolism, although SIRT3 might play a relevant role in different physiological/pathological contexts in which metabolic stress alters multiple signal pathways. Moreover, it seems that nonenzymatic acetylation modifies a broad spectrum of proteins within the mitochondria, suggesting that SIRT3 might regulate nonspecific mitochondrial protein acetylation, thereby fine-tuning the mitochondrial acetylome. Examination of this process in physiological contexts such as dietary restriction/ overfeeding or following exercise would allow the precise role of SIRT3 in mitochondrial regulation to be fully elucidated.
A Balanced Perspective: Defining Physiological Roles of ATs in Skeletal Muscle
As previously mentioned, the acetylation status of a protein at any given time is reflective of the combined action of a specific AT and a DAC, in addition to chemical acetylation due to alteration of mitochondrial matrix conditions. Therefore, it is surprising that research in the acetylation field is heavily weighted toward the study of DACs, rather than the study of ATs or understanding how substrate turnover within intracellular pools alters net acetylation balance. The pattern of this research has, in large part, been due to studies implying that SIRT1 is a longevity protein (24, 26) and showing that smallmolecule activators of SIRT1 can be potent modulators of cellular metabolism (17, 54) . Thus, momentum and significant pharmaceutical industry investment have promoted the view that ATs are less instrumental than HDAC and DACs in metabolic balance. However, without a balanced understanding of the biological processes that regulate chemical-, AT-, and DAC-mediated acetylation, interpretation of the physiological role of acetylation in the context of complex biological processes, such as aging and insulin resistance, will never truly be realized.
The first protein complex containing AT activity was identified Ͼ30 years ago (10) . Since then, a number of ATs have been isolated from various organisms, with high conservation from yeast to humans (45) . Furthermore, it is now recognized that ATs form multiple-subunit complexes, with the composition of these complexes fundamental in the biological activity and substrate specificity of the ATs contained within (45) .
Structural comparison of ATs has enabled their classification into distinct groups on the basis of their catalytic domains (45) . General control of amino acid synthesis 5 (GCN5) is the founding member of the GCN5 N-acetyltransferase (GNAT) family, containing GCN5, p300/CBP-associated factor (PCAF), Elp3, Hat2, Hpa2, and Nut1; the MYST family contains Morf, Ybf2, Sas3, Sas2, and TIP60. Additional ATs of note are p300/CBP and Taf1 (45) . Detailed coverage of each family, the interaction between complex proteins, and the functional characteristics of each AT complex are reported in detail by Lee and Workman (45) .
The GNAT Family: Dynamic Regulators of Metabolic Transcription
GCN5 and PGC-1␣. GCN5 was initially identified as a transcriptional regulator in yeast (9, 62) . It was later discovered that the yeast GCN5 protein had high sequence identity with p55, the catalytically active subunit of an A-type histone AT (HAT) isolated from Tetrahymena (9); this was an important finding, as it was one of the first observations linking transcriptional control with acetylation events (9) . GCN5 is now well characterized to be the catalytically active AT of a number of HAT complexes in the GNAT family (45, 62) . An important functional role for GCN5 in metabolic regulation was first uncovered by Lerin et al. (46) following the observation that GCN5 immunoprecipitated with the transcriptional coactivator peroxisome proliferator-activated receptor-␥ coactivator 1␣ (PGC-1␣). This observation was important, as tandem MS subsequently identified 13 acetylated lysine residues dispersed throughout PGC-1␣ that directly regulated PGC-1␣ activity (deacetylation increased PGC-1␣ transcriptional activity) (46). Lerin et al. (46) subsequently identified GCN5 to be the specific AT targeting PGC-1␣ in HEK 293 cells, with acetylation largely repressing PGC-1␣ transcriptional activity. Interestingly, Lerin et al. (46) showed that acetylation of PGC-1␣ leads to the sequestration of PGC-1␣ away from its target promoters and into nuclear foci.
Evidence in skeletal muscle came a few years later, when it was demonstrated that overexpression of GCN5 in C2C12 myotubes largely repressed PGC-1␣-positive effects on mitochondrial and fatty acid oxidation enzyme gene expression (22) . These effects were suggested to be due to increased GCN5 activity, given that SIRT1 inhibition with nicotinamide produced very similar results. Collectively, these series of studies suggested a model in which a low energy state is sensed by SIRT1, which subsequently functions to deacetylate and, thereby, activate PGC-1␣ transcriptional activity (14) . On the other hand, in a high-energy state, acetylation of PGC-1␣ by GCN5 dominates and PGC-1␣ remains inactive and localized to nuclear foci (14) .
Recently, we extended this work by demonstrating that GCN5 physically interacts with PGC-1␣ in skeletal muscle in vivo (58) , with acute endurance exercise reducing the nuclear abundance of GCN5 in parallel to PGC-1␣ dissociation from GCN5 (58) . This therefore led us to propose that exerciseinduced changes in PGC-1␣ acetylation may be regulated by GCN5 (59) . To our knowledge, the only upstream signal known to modify GCN5 is deacetylation by SIRT6, which functions to increase GCN5 activity and repression of PGC-1␣ (15). Interestingly, this study also identified two phosphorylation sites that may contribute to altered GCN5 activity (15) ; however, the physiological relevance of phosphorylation of GCN5 is unknown. The only other known regulation of GCN5 is at the transcriptional level, whereby the steroid receptor coactivator 3 can increase GCN5 gene expression (13) . To our knowledge, however, there is no link between skeletal muscle contractile activity and steroid receptor coactivator 3 activity. However, given that exercise is known to activate several kinases, such as Ca 2ϩ -calmodulin protein kinase II, p38 mitogen-activated protein kinase, and AMP-activated protein kinase, it is tempting to speculate that GCN5 activity or localization may be affected by phosphorylation events triggered by contractile activity.
GCN5 and PGC-1␤. In addition to the studies on PGC-1␣, it has recently been shown that GCN5 also interacts with PGC-1␤ in HEK 293 cells, with Ն10 lysine acetylation residues identified (38) . Using primary skeletal muscle myotubes, Kelly et al. (38) also demonstrated that GCN5 has a repressive effect on PGC-1␤ activity toward endogenous target genes. In addition, GCN5 repressed the stimulatory effect of PGC-1␤ on insulin-stimulated glucose uptake. Despite the fact that only one PGC-1␤ lysine residue is conserved with respect to PGC-1␣, most of the acetylated residues were in homologous regions (38) . Finally, a recent report showed that a GCN5 variant, GCN5L1, appears to be involved in acetylating mitochondrial proteins in vitro or in Hep G2 cells, thus acting against the known mitochondrial DAC SIRT3 (65) . Interestingly, the acetylation changes induced by GCN5L1 only occur in the presence of mitochondrial extracts (65) , suggesting that a multimeric complex is required for the effects of GCN5L1 (65) . With this in mind and considering that the study did not utilize GCN5L1 mutants lacking AT activity, it is unclear whether GCN5L1 is specifically the AT mediating mitochondrial acetylation changes or part of a larger mitochondrial AT complex.
The studies described above demonstrate that GCN5 may play a central role in skeletal muscle physiology. However, this evidence is largely restricted to GCN5 action on PGC-1␣/␤. Thus there is an urgent need to characterize global GCN5 substrates if a clear picture of GCN5 function is to be formed. For physiologists interested in the functional role of GCN5 in skeletal muscle plasticity, an obvious experimental model is the use of transgenic mice. GCN5 knockout mice are, however, embryonically lethal (62); therefore, conditional knockout models are needed.
PCAF. The human PCAF protein is closely related to GCN5, with 73% sequence similarity (55) . PCAF has been known for some time to be involved in muscle cell differentiation, following the observation that PCAF acetylates MyoD, thereby enhancing its DNA-binding stability (51) . In addition, PCAF's interaction with MyoD allows recruitment to chromatin, where it may function to acetylate histones and activate transcription of muscle genes (51) . Recently, it was demonstrated that inhibition of PCAF activity with the noncompetitive inhibitor embelin reduces myotube formation and PCAF-mediated MyoD acetylation. Furthermore, microarray analysis in C2C12 myoblasts undergoing differentiation indicates that PCAF may influence a number of myogenic genes beyond MyoD that collectively alter differentiation (51) . With the exception of MyoD, little else is known about the nonhistone substrates of PCAF in adult skeletal muscle. It is of interest with regard to skeletal muscle plasticity that PCAF has been shown to associate with cardiomyocyte sarcomeres (27) and is implicated in acetylating the Z-disk protein muscle LIM protein (27) , as well as myosin heavy chains (27) .
Summary. Given the vast degree of acetylated proteins involved in skeletal muscle contraction (47) , it will be interesting to see if future research identifies specific physiological functions for PCAF in skeletal muscle. As for GCN5 and GCN5L1, global determination of both nuclear and cytosolic targets of PCAF will uncover the nongenomic functions of these ATs, which represents a novel line of research. This approach might unmask new biological functions and even define the functional interplay between metabolic pathways and the regulation of gene expression mediated by these ATs. For instance, it seems likely that regulation of metabolic flux by GCN5L1-mediated mitochondrial protein acetylation might directly affect cytosolic levels of acetyl-CoA and gene expression.
Is There a Potential Role of the MYST Family in Metabolic Regulation?
TIP60, as the name suggests, was originally identified via its interaction with the protein product of the TAT gene, which is found in the human immunodeficiency virus genome (62) . It is a member of the MYST family of HATs, and the human TIP60 protein has been demonstrated to possess HAT activity (45) . TIP60 was originally shown by Lerin et al. (46) to coimmunoprecipitate with PGC-1␣; however, focus beyond this was centered on GCN5, once TIP60 was shown to be unable to acetylate PGC-1␣ in HEK 293 cells (46) . Accordingly, Lerin et al. (46) suggested that the TIP60 complex might, instead, recruit PGC-1␣ to the promoters of genes involved in oxidative stress and DNA repair. Alternatively, perhaps TIP60 is recruited to DNA via its interaction with PGC-1␣, where it functions to acetylate histones and, thereby, activate transcription of PGC-1␣ target genes.
With respect to skeletal muscle, it has recently been demonstrated that TIP60, in a similar manner to PCAF, interacts with MyoD to enhance its transcriptional activity and induce myoblast differentiation (39) . Whether this was dependent on the AT activity of TIP60 was not answered. Nonetheless, there is low expression of TIP60 mRNA in adult murine skeletal muscle (45) . It seems unlikely, therefore, that TIP60 plays a critical role in regulating differentiated adult skeletal muscle plasticity. It has, however, been shown that TIP60 may be an important part of the signal transduction events triggered by endothelins binding to their G protein-coupled receptors (39) . This suggests a possible role in controlling vasoconstriction, which would, of course, affect nutrient and hormone delivery to skeletal muscle, particularly in response to the hyperemic effects of exercise. Further examination of the role of TIP60 is therefore clearly warranted.
p300/CBP: Multifunctional Regulators of Cellular Metabolism
p300 and its homolog CBP are two closely related transcriptional coactivators that contain intrinsic AT activity (74) . p300 was initially discovered due to its interaction with the E1A adenovirus (16), and CBP was discovered independently via its interaction with CREB (43) . Not long thereafter, the two proteins were shown to contain high sequence homology (6) and, indeed, to share similar functions, although independent functions have begun to be discovered (45) . While the role of p300/CBP in histone acetylation and transcriptional regulation is reasonably well characterized (62), relatively little is known about if and how p300/CBP may regulate skeletal muscle metabolism via nonhistone acetylation of protein targets. The possibility that p300 is a central regulator of skeletal muscle metabolism is quite high, given that isolated studies have identified a number of p300/CBP substrates with known important roles in skeletal muscle. These include, but are not limited to, PGC-1␣ (61, 73) , myocyte enhancer factor 2 (MEF2) (81), MyoD (64), nuclear factor of activated T cells (NFATc1) (53) , and S6 kinase 1 (S6K1) (18) . With this in mind, it seems intuitive that p300/CBP would play a role in regulating skeletal muscle adaptation to exercise. p300 and CBP have been shown to interact with PGC-1␣ (61, 73) and increase PGC-1␣ transcriptional activity. The stimulatory effect of p300/CBP on PGC-1␣ activity is, however, unlikely due to direct acetylation of PGC-1␣ (46) but may, instead, be due to histone acetylation at PGC-1␣ target genes (73) . Beyond PGC-1␣, a series of studies have demonstrated that p300 may be involved in fiber-type transitioning in skeletal muscle (52, 53) . Interestingly, these series of studies built a pathway suggesting that increasing intracellular Ca 2ϩ levels results in the translocation of cytoplasmic NFATc1 to the cell nucleus upon dephosphorylation by calcineurin, where it binds weakly to the myosin heavy chain ␤-subunit (MyHC␤) promoter. Concomitantly, increased Ca 2ϩ also activates the MEK1-ERK1 pathway, which results in phosphorylation and activation of p300. In the nucleus, p300 acetylates NFATc1, thereby increasing its DNA-binding stability, and as a consequence, MyHC␤ promoter activity is further increased (52, 53) . Given that endurance exercise increases intracellular Ca 2ϩ levels, it seems plausible that a similar pathway could regulate skeletal muscle plasticity. In addition, it has also been shown that CBP can acetylate a lysine residue on MEF2D, a site that can also undergo sumoylation (81) . In this instance, it was suggested that acetylation functions to prevent the transcriptionally repressive modification of sumoylation (81) . Interestingly, MEF2 is required to induce PGC-1␣ promoter activity in mouse skeletal muscle after contraction (2); it is also necessary for promoter activity of the GLUT4 gene (70) and plays a role in regulating oxidative capacity (60) . Therefore, it could be speculated that p300/CBP-mediated acetylation of MEF2 may also be an important part of the acute postendurance exercisesignaling response that drives oxidative changes in response to endurance exercise.
Beyond oxidative metabolism, a growing number of reports link p300/CBP to the regulation of muscle mass. Indeed, p300 and CBP and their AT activity are required for phenylephrineinduced hypertrophy of cardiac cells (28) . Interestingly, p300 has been shown to interact with S6K1 and S6K2 in vitro and upon serum stimulation in MCF-7 cells (19) , with a specific lysine residue (K516) on S6K1 identified to be directly acetylated by p300 (18) . Acetylation of S6K1 does not appear to be necessary for its activation (18) but may improve protein stability (18) . This interaction has not been studied in skeletal muscle. In addition, p300 has also been implicated in various muscle-wasting conditions. Sepsis induction or dexamethasone treatment in rats leads to an increase in p300 expression, an increase in global AT activity, and a decrease in global DAC activity in extensor digitorum longus muscle (4) . Therefore, it has been suggested that p300-driven hyperacetylation may regulate an increase in protein breakdown in sepsis (3). On the contrary, overexpression of p300 or CBP prevents an immobilization-induced increase in FOXO activity in rat soleus muscle, an effect dependent on AT activity (66) . This suggests that acetylation may protect from immobilization-induced muscle wasting (66) , which is contrary to the concept that hyperacetylation contributes to sepsis-induced muscle wasting (4) . This disparity could be due to the different atrophy models used and/or muscle groups examined (4) but also suggests that additional research into the growth-promoting/atrophy-sparing effects of p300 is warranted.
It is important to note that although p300 and CBP share high sequence homology and interaction partners, studies that have investigated both p300 and CBP have noted distinct functions or substrate preferences (37) . Among the studies described above that investigated both p300 and CBP, Senf et al. (66) reported that p300 and CBP have differential effects on FOXO1 and FOXO3a cellular localization, and Meissner et al. (53) noted that only p300 appears to interact with NFATc1. Thus it appears that the biological activities of p300 or CBP are not necessarily interchangeable and that it is important to investigate both of these ATs in isolation and in combination. From an integrative physiology perspective, this could be accomplished with single-and double-knockout animal models or AT-specific small-molecule inhibitors.
The Next Challenge: Examination of Lysine Acetylation in a Physiological Context
The determination of the acetylome in diverse metabolic tissues now provides physiologists with a molecular blueprint to study the impact of this PTM in physiological and pathophysiological scenarios. Given that acetylation has been reported to be altered in aged (42) and insulin-resistant (34) skeletal muscle, this research promises to have substantial therapeutic relevance. Progress has already been substantially advanced by the use of conditional mouse models to study the role of HDAC and DAC proteins in cellular metabolic processes (21, 30) . The logical step now is for complementary work to be performed in conditional AT mouse models with the use of AT-specific inhibitors/activators. Beyond this, translational studies in humans should be achievable, given the sensitivity of acetylation to substrate flux (72) . Nutritional approaches to manipulate glucose and lipid metabolism, thereby altering NAD ϩ and acetyl-CoA availability, will impact AT and sirtuin activity, as will cellular stressors such as exercise and calorie restriction. It has been established that many of these interventions dramatically alter physiological responses; the question now is whether the underlying mechanism for this adaptation is a consequence of altered acetylation. By developing interaction between basic physiology and targeted "omic" approaches, we anticipate that future research will lead to the extension of the acetylome into meaningful physiological scenarios, which ultimately will uncover many fundamental levels of metabolic regulation in skeletal muscle.
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